Abstract The biochemical and structural characterization of ubiquitin-conjugating enzymes (E2s) over the past 30 years has fostered important insights into ubiquitin transfer mechanisms. Although many of these enzymes share high sequence and structural conservation, their functional roles in the cell are decidedly diverse. Here, we report that the mono-ubiquitinating E2 UBE2W forms a homodimer using two distinct protein surfaces. Dimerization is primarily driven by residues in the ß-sheet region and Loops 4 and 7 of the catalytic domain. Mutation of two residues in the catalytic domain of UBE2W is capable of disrupting UBE2W homodimer formation, however, we find that dimerization of this E2 is not required for its ubiquitin transfer activity. In addition, residues in the C-terminal region, although not compulsory for the dimerization of UBE2W, play an ancillary role in the dimer interface. In all current E2 structures, the C-terminal helix of the UBC domain is at least 15Å away from the primary dimerization surface shown here for UBE2W. This leads to the proposal that the C-terminal region of UBE2W adopts a noncanonical position that places it closer to the UBC ß-sheet, providing the first indication that at least some E2s adopt C-terminal conformations different from the canonical structures observed to date.
Introduction
The attachment of ubiquitin (Ub) is a highly regulated cellular process that requires a cascade of three enzymes. The E1 Ub-activating enzyme first forms an ATP-dependent, high-energy thiolester bond with Ub through an active site cysteine. The E2 Ub-conjugating enzyme next receives Ub from the E1 in a transthiolation reaction forming an E2 * Ub conjugate. Finally, an E3 Ub-ligase binds E2 * Ub using either a HECT domain or RING-finger motif and facilitates the transfer of Ub from the E2 * Ub onto a target substrate [1] . In humans two E1s, about 35 E2s, and hundreds of E3s are responsible for attaching Ub to proteins [2] . For transfer that involves RING-type E3s, the E2 plays a role in dictating the type of Ub modification [3, 4] . Depending on the required cellular cue, some substrates are modified by the addition of a single Ub molecule (monoubiquitination) while others are covalently attached to a chain of Ub molecules which can be linked via any of the seven lysine residues in Ub or via its N-terminal end (polyubiquitination) [1] . At present, features and properties that determine different E2 functions, especially as they relate to mono-versus poly-Ub transfer, are not well understood. Here, we report biochemical and structural features of human UBE2W, a mono-ubiquitinating E2.
UBE2W is one of ten E2s that can bind to the BRCA1 RING domain of the BRCA1/BARD1 E3 complex [3] . In vitro, UBE2W adds only a single Ub to its target substrate, however, chain-building E2s such as the UBE2N/ UBE2V2 (Ubc13/Mms2) complex can extend poly-ubiquitin chains from sites mono-ubiquitinated by UBE2W [3] . This E2 has been found to mono-ubiquitinate FANCD2, an essential step in the activation of the Fanconi anemia tumor suppressor pathway that is important in the DNA damage response [5] . More recently, Ataxin-3, a specialized deubiquitinating enzyme (DUB) important for protein quality control, has been shown to be mono-ubiquitinated by UBE2W [6] . In both cases, UBE2W can directly attach Ub to substrate lysines in the absence of an E3 in an as yet unknown mechanism, although ubiquitination of these substrates by UBE2W was enhanced by the presence of a RING-type E3 ligase [5, 6] .
To better understand the structure and function of UBE2W, we began to characterize it biochemically. During size exclusion chromatography (SEC), we unexpectedly observed that monomeric UBE2W is in equilibrium with a dimeric species. Here, we show that homodimerization of UBE2W is driven by contacts involving its ß-sheet surface, a region used by other E2s for noncovalent protein-protein interactions with Ub and non-RING E3 domains. Mutations that disrupt the dimer have only a modest effect on the rate of Ub transfer, revealing that dimerization of UBE2W is not required for its ubiquitination activity. Surprisingly, the dimerization interface also involves residues in the C-terminal region of UBE2W. Based on the distance of the C-terminus from the ß-sheet in other known E2 structures, we conclude that the C-terminal region of UBE2W must adopt a noncanonical position to make this contribution. Furthermore, a C-terminally truncated version of UBE2W maintained dimeric properties similar to WT indicating the C-terminus is not required for dimerization.
Materials and Methods

Plasmids, Protein Expression, and Purification
All constructs of UBE2W (WT, KK (V30K, D67K), 131D (truncation following Y131), and 131D-KK) were expressed from the pET24 vector without affinity tags. UBE2W constructs were transformed into Escherichia coli (BL21 DE3) cells and protein expression was induced with 0.4 mM isopropyl-b-D-thio-galactoside (IPTG) at OD 600 of 0.6, followed by growth at 16°C for 16 h. Cells were lysed by French press in 25 mM sodium phosphate (pH 7.0), 1 mM EDTA for full-length constructs, or 25 mM 2-(N-morpholino)ethanesulfonic acid (pH 6.0), 1 mM EDTA for 131D constructs. Following centrifugal clarification, the lysate was subjected to cation exchange chromatography with an elution gradient of 0-0.5 M NaCl. E2-rich fractions were identified by UV absorbance, pooled, and further purified by SEC on a Superdex 75 (GE Healthcare) column in 25 mM sodium phosphate (pH 7.0) and 150 mM NaCl, the buffer used for all NMR and SEC experiments. Wheat Uba1, human Ub, and human FLAG-BRCA1 304 /BARD1 327 used for ubiquitination activity assays were purified as previously described [3, 7] . SEC for Fig. 1 and Supplementary Fig. 2 was performed on purified samples using a Superdex 75 column (GE Healthcare). 250 lL of 250, 25, or 5 lM protein was applied to the column.
Autobiquitination Activity Assay
Reactions for BRCA1-directed ubiquitination assays contained 20 lM Ub, 0.5 lM wheat Uba1, 2 lM UBE2W-WT, or UBE2W-KK, 2 lM FLAG-BRCA1 304 /BARD1 327 (residues 1-304 or 1-327, respectively), and 10 mM MgCl 2 . Reactions were initiated by the addition of 5 mM ATP and incubated at 37°C. Samples were collected at 0 and 60 min after the addition of ATP. Products were visualized by western blotting for FLAG-BRCA1.
NMR Spectroscopy
NMR spectra were collected on a 500 MHz Bruker Avance II (University of Washington). Spectra were recorded at 25°C in 25 mM sodium phosphate (pH 7.0), 150 mM NaCl, and 10 % D 2 O. All datasets were collected using 15 
UBE2W Homology Model
The homology model for UBE2W was created using the secondary structure prediction algorithim PHYRE2 [10] . The model is based on the structure of Ub-conjugated UBE2D3 in complex with the human deubiquitinating enzyme OTUB1 (PDB: 4DDG) [11] .
Structure Visualization
All structural figures were created using the Pymol Molecular Graphics System, Version 1.5.0.4 Schrödinger, LLC.
Results
UBE2W Exists in a Monomer-Dimer Equilibrium
In the process of purifying recombinant human UBE2W, we observed properties that differ from other common, well-characterized ubiquitin-conjugating enzymes. In particular, resolving 250 lM UBE2W using a Superdex 75 size exclusion column resulted in the separation of two distinct peaks, corresponding in size to a dimeric and monomeric species (Fig. 1a) . The ability to resolve the two species by SEC indicates that their interconversion is slow. SDS-PAGE analysis of the UBE2W dimer and monomer peaks under reducing (?ß-mercaptoethanol) and nonreducing conditions indicated that dimerization of UBE2W is not dependent on disulfide bond formation, implying a noncovalent interaction (Sup. Fig. 1 ). Reapplication of the monomeric UBE2W fraction showed a re-equilibration into dimeric and monomeric forms (Sup. Fig. 2b ), and as predicted for a selfassociating system, dimer formation displays a clear concentration dependence. Ten-and 50-fold dilution of UBE2W prior to SEC shift the equilibrium in favor of the monomeric species, consistent with an estimated affinity in the midmicromolar range (Sup. Fig. 2 ).
Other biochemically characterized, class I E2s 1 do not show evidence for self-association at similarly high-protein concentrations. For example, the well-studied E2 UBE2D3 (UbcH5c) elutes as a single peak at an elution volume consistent with its being a monomer (Fig. 1a) as do UBE2L3 (UbcH7) and UBE2N (Ubc13) (data not shown). Thus, the observation that UBE2W forms a dimer is not due simply to our use of high-protein concentrations (required for NMR spectroscopy, see later), but rather indicates that UBE2W differs from canonical class I E2s. Serendipitously, we found two residues (V30 and D67) during the course of our early studies with UBE2W and its activity with BRCA1/BARD1, that, when mutated to lysine, disfavor the dimer and shift the equilibrium to a monomeric species (termed the UBE2W-KK mutant) (Fig. 1b) . This allowed us to (1) ask whether dimerization is required for UBE2W activity and (2) assign and compare resonances from the 1 H, 15 N-HSQC spectra of UBE2W to obtain insights regarding the structural source for dimer formation.
UBE2W transfers a single Ub to its target substrate resulting in a mono-ubiquitinated product [3, 5] . In the in vitro assay shown, BRCA1 304 /BARD1 327 functions as both the RING E3-ligase and as proxy substrate, with mono-ubiquitin products formed on BRCA1 304 /BARD1 327 serving as a readout for activity. UBE2W-KK showed only a modest decrease in its ability to transfer Ub compared with wildtype, indicating dimerization of this E2 is not a strict requirement for Ub transfer activity (Fig. 2) . 
Identification of the Surfaces Involved in UBE2W Dimerization
NMR spectroscopy was used to understand the structural consequences of the V30K/D67K double mutation and to obtain insights regarding the nature of UBE2W self association. For these experiments, we used 1 H, 15 N-HSQC NMR spectroscopy. This type of spectrum provides a distinct signal for every amino acid (except proline) that corresponds to that residue's backbone amide group. The precise position (i.e., the ''chemical shift'') and intensity of each peak are highly sensitive to the local environment and dynamics around the residue. Comparison of spectra for two related species allows easy identification of differences at an amino acid residue level. In this case, comparison of the 1 H, 15 N-HSQC spectra of UBE2W-WT and UBE2W-KK revealed some remarkable differences. Foremost among these, the 'KK' mutant spectrum contains roughly 120 peaks (of the 139 peaks expected) whereas the spectrum of the WT has fewer than 100 peaks (Fig. 3a) . As expected, three-dimensional NMR spectra of UBE2W-WT also contained many fewer resonances than did datasets of the monomeric mutant (unpublished data). The simplest explanation for missing peaks in the UBE2W-WT spectrum is that residues involved in the interface experience different environments in a monomer versus a dimer and are exchanging between these states on the timescale of NMR data collection. To identify residues affected by the mutation, we assigned the spectrum of monomeric UBE2W-KK using conventional heteronuclear 3D-NMR approaches. We could identify most of the residues in the UBE2W-WT spectrum with high confidence by comparison with the 'KK' spectrum.
2 Differences observed between the 1 H, 15 N-HSQC spectra of UBE2W-KK and UBE2W-WT fell into two distinct classes: (1) signals whose positions are shifted between the WT and mutant spectra and (2) signals that appear in the mutant 'KK' spectrum that are not present in the WT (Fig. 3b) . It is generally expected that peaks arising from residues that are proximal to a site of mutation will have small CSPs due to the change of side chain and, therefore, of the chemical environment due to the mutation. In the double 'KK' mutant, we expect peaks from residues near V30 or D67 in the E2 structure to be shifted (i.e., in the first class). CSPs are also expected to arise due to environmental changes in residues involved in the dimerization interface. For the second class, in the WT protein, some residues are interconverting between two states on a similar timescale to NMR data collection (*100 ms); one exposed to solvent (monomer) and one buried in a protein interface (dimer). This behavior splits the intensity of a single resonance over two states causing broadening and a loss of intensity, often to a point below the level of detection. These ''missing'' or unobserved resonances reappear in the 'KK' spectrum because it exists predominantly as a monomer, resulting in accumulation of peak intensity at the resonance position that corresponds to the monomer.
Although a majority of human E2 structures have been determined experimentally, the only such structure for UBE2W is a crystal structure of a truncated form in which all C-terminal residues after S116 are missing (PDB: 2A7L) [12] . The structure adopted in this crystal is unlike any other E2 structure solved to date. In the crystal lattice, a symmetry mate from one unit cell domain swaps its N-terminal helix with that of another UBE2W molecule in an adjacent unit cell (Fig. 4a) . This structure might imply that UBE2W dimers form using their N-terminal helices, but our NMR results are not consistent with such an inference as we do not detect perturbations in the N-terminal helix. Furthermore, because the C-terminus is absent in the crystal, it is impossible to visualize its potential role in dimerization in this context. Given the disparities between the crystal structure and our NMR observations, we chose to map resonances that differ between the UBE2W-WT and 'KK' spectra onto a UBE2W sequence homology model based on the structure of UBE2D3 (PDB: 4DDG) (Fig. 5b) [11] . This model is more consistent with our NMR data and is therefore suitable for mapping the observed NMR perturbations.
Substitutions of V30 and D67 with lysine result in perturbations on two distinct surfaces on UBE2W. One surface is made of residues in Loops 4 and 7, the ß-sheet (''backside'') region, and the 3 10 helix (''surface 1'' in N-HSQC spectrum, we were able to unambiguously assign 115. From this dataset, we were able to transfer assignments to the 'WT' spectrum and identify 80 of the *90 resonances present. position and some that are exchange broadened in the WT spectrum and appear in the 'KK' mutant. On surface 1, residues L25, D40, L56, and L57 in the ß-sheet are shifted compared with the WT spectrum (Fig. 3b) . These resonances are shifted due to their proximity to the V30K mutation and/or because they are close to the dimerization interface. F60, however, is an example of a residue that is exchange broadened in the WT, but appears in the 'KK' spectrum, and can therefore be assigned unambiguously as being located within the dimer interface (Fig. 3b) .
The sites of both mutations, V30 and D67 (blue), are near surface 1, implying that this region of the protein dictates dimerization of UBE2W. However, several C-terminal residues are also perturbed suggesting that residues in this region experience different environments in monomeric and dimeric states. To assess the possible contribution of the C-terminal region to self-association, a UBE2W construct truncated after residue Y131 (UBE2W-131D), was expressed and purified. This truncation removes the final 20 amino acids of UBE2W that are predicted to form the terminal helix and creates a construct of this E2 that is slightly longer than the previously crystallized structure [7] . UBE2W-131D is remarkably well behaved as evidenced by SEC and is stably folded as seen by NMR spectroscopy (Figs. 1c, 6 ). Under the same conditions as UBE2W-WT, UBE2W-131D shows a similar monomerdimer equilibrium indicating that the C-terminal region is affected by monomer-dimer exchange, it is not required for the formation of UBE2W homodimers (Fig. 1c) . Furthermore, the 'KK' mutation in the UBE2W-131D truncation background shifts the E2 population toward a monomeric state in the same manner as in the full-length protein (Fig. 1d) . Altogether, these results indicate that residues in surface 1 constitute the driving force for UBE2W dimerization.
Discussion
UBE2W displayed dimeric properties by SEC purification at the high concentration required for NMR studies (Fig. 1a) .
This property proved problematic for detailed structural characterization by NMR spectroscopy, as multimeric proteins with mid-micromolar dissociation constants often suffer from loss of peak intensity if multiple interconverting states exist. We serendipitously discovered a monomerfavoring 'KK' (V30K/D67K) double mutation in early studies aimed at creating an E2/E3 specificity-switch-pair. The mutant proved particularly useful for structural characterization by NMR spectroscopy, as the in vitro E2 activity was retained with a modest reduction at most (Fig. 2) .
Comparison of NMR spectra of 'KK' and WT UBE2W reveal two distinct surfaces that participate in homodimerization. We note that although the C-terminally truncated and domain-swapped UBE2W crystal structure lack the residues that compose surface 2, the structure observed in the crystal does appear to use residues in surface 1 to pack neighboring UBE2W molecules. In Fig. 4b , the surface 1 NMR perturbations are mapped onto the crystal structure, revealing reasonable concordance, although our surface implicates residues not entirely congruent with the current domain-swapped dimer interface. The role of the C-terminal region cannot be addressed by the crystal structure, as removal of these residues was apparently required to obtain crystals. Though the C-terminal region is not required for UBE2W dimerization, its NMR resonances are clearly perturbed upon disruption of the dimer interface (Fig. 5b) . In all experimentally determined structures of E2 UBC domains, the C-terminal helix is at least 15 Å from the UBC ß-sheet surface. It is therefore difficult to reconcile the observed effects in the C-terminus unless it adopts a noncanonical conformation and/or location in UBE2W to position it closer to the ß-sheet and Loop 4 regions. We propose that UBE2W dimer formation through surface 1 induces ancillary contacts between surface 1 residues and C-terminal residues which, while not be required for induction of the dimer, might stabilize the species once formed. Our observations are not consistent with an alternative possibility that UBE2W forms a dimer via heteromeric interactions in which the C-terminus of one protomer interacts with surface 1 residues of the other and rather supports a model in which surface 1 to surface 1 contacts drive homodimerization.
The nature of the monomer-favoring mutations, as well as the identification of the dimeric interface provide insights regarding UBE2W self-association. V30 is a hydrophobic residue on the surface of the ß-sheet region of UBE2W. On its own, the V30K mutation almost completely disrupts the formation of UBE2W homodimers as detected by SEC (data not shown), indicating that it is a key residue in the dimer interface. Substitution of a lysine for D67 is not as effective in disrupting UBE2W dimerization on its own, but the double mutation further pushes the monomer-dimer equilibrium of UBE2W toward the monomeric state and reveals more resonances in the 1 H, 15 N-HSQC spectrum. Intriguingly, D67 is in Loop 4, a part of the canonical E2-E3 binding interface. This position is strongly conserved as lysine in many E2s, which is why we originally designed the D67K-UBE2W mutant. In our homology model of UBE2W, V30 rests on a turn immediately following the first ß-strand in the UBC domain; the analogous position is conserved as valine in all isoforms of UBE2D (i.e., V26), as well as numerous other E2s. The surface created by the ß-sheet consists of few charged residues and notably, an analogous surface on UBE2D3 interacts noncovalently with Ub, enabling formation of large multimeric assemblies of UBE2D3 * Ub conjugates [13] [14] [15] . Introduction of a single charged residue into the UBE2D3 surface (S22R) is sufficient to abrogate the noncovalent E2-Ub interaction. Substitution of a positively charged lysine in place of V30 in UBE2W can disrupt the E2-E2 interaction similar to the S22R mutation in UBE2D3. Other E2s use their UBC ß-sheet region in noncovalent interactions. For example, the E2s UBE2G2 and Rad6 bind non-RING portions of the E3 ligases, gp78 and Rad18, respectively, in positions very similar to the surface used by UBE2D3 to interact noncovalently with Ub [16] [17] [18] . Finally, we note that surface 1 utilized by UBE2W for self-association is closer to the active site region than the surfaces used by other E2s that use their UBC ß-sheet region to form noncovalent interactions [13] [14] [15] [16] [17] [18] . In this respect, the UBE2W surface more closely resembles the surface used by UBE2N to interact with the E2-like protein UBE2V2 (Mms2), although this heterodimeric interaction is significantly stronger than the UBE2W homomeric E2-E2 interaction [19, 20] .
Dimerization of E2s in vitro has been reported sporadically in ubiquitination literature for more than 20 years [21] [22] [23] [24] . Studies have also shown that crosslinking reagents enable the formation of E2 homodimers and increase ubiquitination activity, presumably by raising the local concentration of E2 * Ub conjugates [25, 26] . Among the putative dimer-forming E2s, the best characterized is the S. cerevisiae E2, Cdc34 [24] . Dimerization of Cdc34 * Ub conjugates has been shown to be required for E3-independent poly-ubiquitin chain formation by this E2 [27] . Cdc34 also participates in E3-dependent poly-ubiquitination reactions mediated by the Skp1-CUL1-F-box (SCF) E3 ligase [28] . In this case, a model was proposed in which the high-local concentrations of Cdc34 * Ub conjugates form dimers that are recruited to the Rbx1/Roc1 (RING) domain of the SCF complex to poly-ubiquitinate the S. cerevisiae substrate Sic1 in vitro [29] . Currently, there is no concrete evidence that E2 dimerization is a requirement for activity in vivo.
Cellular concentrations of UBE2W are currently unknown, however, given a K d estimated to be in the midmicromolar range, a small fraction of UBE2W is in the dimeric state even at the submicromolar concentrations. Dimerization is not a requirement for activity, but may play a role in E3 recruitment or in determining E3-independent substrate specificity. It seems unlikely that dimerization of UBE2W functions similarly to S. cerevisiae Cdc34 so as to raise the local concentration of E2 at sites of ubiquitination, as the benefit of this property for an E2 that mono-ubiquitinates its substrates is unclear. However, weak protein-protein interactions are a hallmark of the ubiquitination machinery in the cell and regulate critical aspects of Ub transfer and signaling. With this in mind, the identified surface could play a role in mediating as an yet unknown protein-protein interaction that is important for UBE2W function in cells. The results presented here also suggest that the C-terminus of UBE2W adopts a noncanonical position in UBE2W, placing it close to the ß-sheet of the UBC domain. This result makes UBE2W unique among other characterized class I E2s. Although a functional significance for UBE2W selfassociation remains to be determined, there are clearly structural aspects of this protein that point to unique function and properties, the details of which await further elucidation. study was supported by the National Institute of General Medical Sciences Grants R01 GM088055 (R.E.K.). V. V. was supported in part by the Hurd Fellowship Fund and PHS NRSA 2T32 GM007270.
